We report an impedance biosensor utilizing a Si electrode created by wet chemical deposition atop 6061 Al alloy. The sensor electrode is created by galvanic/electroless Si deposition from an electrolyte containing 10 mM HF and 20 mM Na2SiF6 in 80 wt% formic acid, followed by antibody immobilization. The impedance response of the sensor electrode to increasing concentrations of peanut protein Ara h 1, a common food allergen, can be fit to an equivalent circuit containing three RC loops. The circuit element most sensitive to antigen binding is the charge transfer resistance, yielding a detection limit of 4 ng/mL.
solution (PBS) at pH 7.3. Following carboxylate group activation, the antibody to peanut protein Ara h 1 was immobilized through amide bond formation by immersing the electrode for 1 hr into a solution containing 50 μg/mL antibody and 50 mM phosphate buffer solution (PBS) at pH 7.3. 22 The Si-coated electrode was used as the working electrode in a virgin Teflon threeelectrode cell with a Pt spiral counter electrode and an Ag/AgCl (1.0 M KCl) reference electrode.
Impedance measurements were performed with a Gamry Instruments Reference 600 over the frequency range from 0.01 Hz to 15 kHz with an AC probe amplitude of 5 mV. Each impedance spectrum takes about 2.8 min. to acquire. To minimize the possibility of Si oxidation, the impedance results were obtained at a DC potential of 0 mV vs. Ag/AgCl, which is slightly cathodic to the open circuit potential (approximately +50 mV) in the electrolyte of interest.
Results and Discussion
As discussed above, dark grey Si films are grown atop Al 6061 alloy by 30 hr. of galvanic/electroless deposition from 10 mM HF and 20 mM Na2SiF6 in 80 wt% formic acid. Tables 1 and 2. Since the thickness, composition, and electrostatic charge characteristics of the polymerprotein film and therefore solid-electrolyte interface vary with surface preparation, the values obtained for most of these equivalent circuit elements in Tables 1 and 2 cannot be directly compared. However, the Si film is present for all of these impedance measurements, and R3 (2-3 kΩ-cm 2 ) does not vary substantially during the different measurements. From inspection of Table 2 , the equivalent circuit element most sensitive to binding of peanut protein Ara h 1 is R1, which is equivalent to the charge transfer resistance to Faradaic electron transfer in this system. concentrations, and a gradual approach to antibody film saturation at high concentrations.
The detection limit is determined from the following relationship:
where σ is the standard deviation of the charge transfer resistance (R1) in the blank electrolyte, and the sensitivity is the slope of the linear portion of Figure 4 . This yields a detection limit for Ara h 1 of 4 ng/mL. Unfortunately, this number cannot be directly compared to an exact allergenic threshold for peanut protein ingestion due to variations in response between allergic individuals. 26 However, a general guideline for the detection of food allergens has been reported as 1-100 mg/kg of food. 27 Assuming food has the same density as water, this yields an allergenic threshold of 1-100 µg/mL. The detection limit reported here is well below this range.
The values for the exponents (n1, n2, n3) of the constant phase elements (CPE) in Tables 1   and 2 range from 0.50 to 0.88, and many of these values are not close to unity, as typically required when a CPE is substituted for a capacitive element. For this reason, standard tests were performed to assess the validity of the impedance spectra shown in Figures 1 and 2 . 28 Impedance measurements at AC probe amplitudes ranging from 0.5-10.0 mV yield identical impedance spectra, demonstrating system linearity. Repeat measurements of the same spectrum yield identical results, demonstrating system stability. The impedance data presented in Figures 1 and
The low values for n1, n2, n3 in Tables 1 and 2 can be explained by the high surface roughness in this system, which is measured as 0.7 and 4.8 µm, before and after Si deposition.
ASTM standard B253-11 was followed for surface preparation, and this standard is designed for electrodeposition onto Al and Al alloys, where the first step is galvanic Zn deposition using zincate methods. During galvanic deposition processes in general, high surface roughness is often required in order to obtain adequate coating adhesion. During the current studies, Si deposition onto smoother Al substrates resulted in film delamination during biosensor fabrication and testing.
Conclusions
We recently reported wet chemical deposition of thick Si film by combined galvanic and electroless deposition onto Al 6061 alloy from electrolytes containing 10 mM HF and 20 mM Na2SiF6 in 80 wt% formic acid (HCO2H). Here we employ these wet chemically deposited Si films as substrates for impedance biosensing of peanut protein Ara h 1. The impedance response to increasing peanut protein concentrations can be fit to an equivalent circuit with three RC loops in series, but with the capacitance values replaced with a constant phase element (CPE). The circuit element most sensitive to antigen binding is the charge transfer resistance at the electrodeelectrolyte interface (R1). The detection limit calculated from determination of R1 is 4 ng/mL. 
